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WITH DISCUSSION. 


INTRODUCTORY. 


The advantages which well-designed masonry arches offer, com- 
pared with the less durable structures iron and steel, have been 
adequately demonstrated modern experience. 

The cost maintenance iron and steel bridges, together with 
their more less limited lasting qualities, are sometimes offset 
the ease, simplicity and accuracy design and erection which they 
are susceptible. The time allowable for construction may also, 
many cases, weigh strongly their favor. 

However, the many masonry arches built centuries ago—a few 
antedating written history—are indisputable evidences permanency. 
Few these arches have required any repairs, and their cost main- 
tenance has amounted almost nothing, fact not realized 
metal bridges. 
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The purpose this paper demonstrate that masonry arches 
may constructed any good foundation, such hard clay, and 
that they will admit accuracy and simplicity design quite 
equal that attainable for similar structures iron steel. 
many instances concrete arches are even cheaper first cost than 
metal bridges. Besides, the former possess the additional advantages 
permanency and low cost maintenance. 

Recent progress, achieved through the earnest labors German, 
French and Austrian engineers, has destined the masonry arch 
become the successful competitor iron and steel bridges, whenever 
the natural conditions foundations and length span not offer 
unsurmountable difficulties. 

The great advances accomplished the manufacture cements 
during the past ten years, the elaborate arch tests made the Austrian 
Society Engineers and Architects from 1890 1895, and the construc- 
tion few three-hinged masonry and concrete arches, venturing the 
adoption high unit stresses, low factors safety and long spans; 
these mark the arrival new era masonry bridge construction. 

However, many difficulties are encountered the construction 
fixed masonry arches, owing particularly insufficient elasticity 
the masonry. The natural deformations the arch, caused shrink- 
age the masonry, setting mortar, stress and temperature, usually 
cause cracks which, while rarely serious character, are reasons 
for discouragement the engineer, who has probably applied every 
known precaution prevent their occurrence. 

According the recommendations the Austrian Society En- 
gineers and Architects, result their elaborate tests, fixed 
masonry arch should constructed only when the following condi- 
tions can realized: 

The abutments must absolutely rigid. 

The falsework must retain its form during the construction 
the arch ring. 

The material (stone and mortar) must the best quality. 

The construction the arch ring must most carefully con- 
ducted. 


The falsework must not released until the mortar has thor- 
oughly set. 


When the falsework released must done gradually and 
uniformly. 
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These conditions, except the two first named, can always fulfilled, 
though the lack rigidity abutments and falsework are the two 
great obstacles the way long-span masonry arches without hinges. 

matters pertaining the design fixed masonry arches, 
safe say that the method based the theory elasticity the 
only one entitled full confidence, and permitting analysis cor- 
responding accuracy with the knowable properties the material. 
All other methods are too approximate admit close designing, such 
the modern status engineering science would generally demand. 

This modern and method, however, not free from crit- 
icism. While the fundamental principles the theory are almost 
axiomatic, their final application the solution stresses ex- 
tremely complicated, much that few engineers can credited 
with the patience and earnest endurance master either the method 

Therefore, unless the masonry arch can treated combine 
clearness, simplicity, undoubted accuracy and economy design 
with faultless construction, the field usefulness this class 
structure will remain restricted, and such monuments the Cabin 
John Bridge will continue remain curiosities rare production. 

This not what the masonry arch deserves, view its prac- 
tically everlasting life, nominal cost maintenance and naturally 
form, which latter should prime factor, though rarely 
given much consideration, the choice bridge. 

Essentially all the harassing features fixed masonry arches are 
overcome the introduction hinges the crown and abutments, 
thus permitting rigid analytical treatment and affording almost ab- 
solute safety against cracks, even though small settlements may take 
The idea was introduced Koepke, Dres- 
den, 1880, providing open joints crown and haunches. Karl 
Leibbrand, Stuttgart, 1885, substituted sheet lead for the open 
joints, and 1893, applied cast-iron, hinged bearings. The author, 
early 1888, while engaged the construction the strategical 
railway Weizen-Immendingen, Baden, Germany, advocated metal 
hinges for masonry arches, but prejudice and custom prevented 
practical application being made that time. 

Some the noteworthy bridges which have been constructed with 
hinges hinge-like joints are briefly described the following: 
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Bridges the railroads Saxony, built 1880. Koepke. 
The largest was sandstone, span, rise, thickness arch 
ring 0.50 Hinges consisted convex surface sand- 
stone, radius 0.977 m., rolling concave surface, radius 1.105 
The maximum unit stress was 12.87 atm. Several arches this 
type were constructed, some with only two hinges and some con- 
crete. All gave excellent satisfaction. 

Sandstone bridge over the Enz River near Hoefen, Germany, 
built Leibbrand, 1885. Span, rise, 2.8 m.; maximum 
stress, 24atm. joints sheet lead. Several other bridges 
sively increased until 56.4 atm. were attained the Forbach Bridge, 
Baiersbronn, using sandstone 653 atm. breaking strength. 

Concrete arch over the Danube River, near Munderkingen, 
Wurtemberg, built Leibbrand, 1893. Span, m.; rise, 
abutments. This arch was constructed three-hinged 
arch, and was the first masonry arch with actual hinged joints. The 
maximum compression the arch was 34.6 atm. and atm. adjacent 
the steel hinges. The concrete was composed part Portland 
cement parts sand and parts broken limestone, showing 
ultimate compressive strength 254 atm. days and 520 atm. 
years and months. The settlement the crown, from the time 
closing the arch ring the entire completion, was 13.1 cm. One 
abutment founded rock, the other has pile foundation. 

Concrete bridge over the Danube near Rechtenstein, Wurtem- 
berg, built 1893, Engineer Braun. This made two 
arches, each span and 2.5 rise; the thickness the arch 
0.65 the crown and 0.9 the haunches. Concrete for arch 
ring was composed part Portland cement parts sand 
parts gravel and part quarry stone. The hinges are 18-cm. and 20- 
em. lead strips for the crown and abutments, respectively. The high- 
est stress the arch ring was atm., and the settlements the 
crowns the two spans were 4.0 and 3.0cm. One abutment was 
founded piles, the other gravel and boulder strata, and the 
middle pier solid rock. 

Bridge Coulouvreniére, over the Rhéne River, Geneva, 
Switzerland, built 1895, Engineer Butticaz. This bridge was 
made concrete and consists two main arches spanning 
each, with rise 5.55 each, separated small span m., and 
12-m. arch adjoining the abutment one the 
spans were patterned after the arch Munderkingen, and the small 
spans were supplied with lead joints, the bridge Rechtenstein. 

Concrete bridge over the Danube, near Inzighofen, Wurtemberg, 
built 1896, Max Leibbrand. Span, m.; rise, 4.46 hinged 
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crown and abutments with cast-iron, hinged pedestals. Thickness 
arch ring, 0.7 crown, 1.1 quarter points and 0.78 
abutments. Maximum stress, 36.5 atm. compression, and atm. 
tension. Concrete for arch ring was composed part Portland 
cement parts sand parts crushed limestone with part lime- 
stone screenings. Settlement arch during construction months) 
was cm. 


All the above-mentioned hinged and semi-hinged arches, besides 
others which could not enumerated here, have given excellent 
satisfaction and have developed cracks, even though some were 
founded piles and others clay foundations. Age will undoubt- 
edly beneficial rather than detrimental, which has never been said 
for iron steel bridges. 

The oldest concrete bridge seems have been built Switzerland 
near Aarau, 1840, using Roman cement. This bridge has span 
and arise 3m. this cement, which not good 
most natural cements, has stood the test time. 

With the adoption three hinges and the evidence just submitted, 
will possible construct masonry arch almost any mod- 
erately good foundation and with reasonable assurance against cracks, 
both during and after construction, all which should regarded 
welcome step advance. This feature also makes possible de- 
termine the stresses, for any system loading, with accuracy and cer- 
tainty, also stress the material from one-tenth one-sixth its 
ultimate strength obtained from test samples. All these advant- 
ages combined the three-hinged masonry arch place high 
plane engineering perfection. hoped that this paper may 
the means introducing this form arch construction into the United 
States. 

the following, all dimensions are given the metric system 
simply for convenience computations, but the formulas are equally 
applicable any other system units. The abbreviations used are: 

square meter 10.7641 sq. ft. 

meter 35.3156 cu. ft. 

2.2046 avoir. 
14.223 lbs. per square inch. 
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THEORETICAL DEDUCTIONS. 


I.—General Equations for the Three-Hinged Arch. 


(a) Applied Forces and Reactions.—Given the arch, Fig. with 
hinged joints and acted upon the forces and as- 
sumed represent the resultants all vertical loads applied re- 
spectively the left and right the crown Required find 
the reactions the hinges 

The thrust produced the segment must pass through 
the hinge the only point contact between the segments and 
This thrust must also pass through the hinge otherwise the 
segment would rotate about Also, the intersection 
with the force must point the line the reaction produced 


Cc, Pp” 
1 


Fie. 1. 


P,in The reactions and produced are, there- 
fore, and respectively, determined the resolution 
the parallelogram indicated. 

like manner the reactions produced are found 
and P,', acting and respectively. The resultant reactions 
are then and respectively, being the resultant 

the forces R,, R,, and are combined force polygon, 
Fig. 16, and the equilibrium polygon drawn, will 
seen that the reactions are equal and opposite, and that the line 
action straight line passing through the hinge This 
equilibrium polygon called the line thrust for the given forces. 
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The horizontal components and are all equal 
(see Fig. which called the horizontal thrust, and constant for 
any point thearch. The vertical components and are the ver- 
tical reactions and respectively, and the vertical component 
represents the shear the crown Only these horizontal and 
vertical components the reactions and will considered 
the following, and will called the reactions.” 

The general expressions for the reactions three-hinged arch 
will now found. 

Assume, Fig. the segment removed and force resolved 
into components (horizontal) and (vertical), replacing the action 
OBon OA. The moment equation about 


V 
P,d,— Hf+ =0 see serene (1) 
Similarly assume, Fig. the segment removed and the 


Fia, 
equilibrium segment preserved the force (equal and op- 
posite Fig. resolved into components and Vas before. 
The moment equation about 


evaluating from (1) and (2) 


The vertical reactions are obtained follows from the equations 
for shear. With reference Figs. and 
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From (5) and (6) will seen that the reactions and are 
identical with the reactions simple beam supported and 
The value obtained from either Fig. Fig. 


which expression holds good for the resultant thrust any point 
the line thrust, being the shear the point question. 

follows from (3), that all forces acting the arch, points be- 
tween and affect positively, while this not true the re- 

Reactions Resulting from 
Train Concentrated Loads, Com- 
ing the Span from the Right- 
Hand Abutment.—The laws indi- 
cated equations (3), (4), (5) and 
(6) are applied deducing the 
expressions for the general case 
loading, Fig. follows: 


Also, the shear any point distant from the crown found 


the above equations the expression used indicate 


the sum the products for all loads acting between the points 
and Other expressions summations are interpreted ac- 
cordingly. 

(c.) Reactions Resulting from Uniform Live Load per Unit Length, 
Coming the Span from the Right-Hand Abutment and Extending over the 
Span Distance the Left the Crown following equations 
are obtained analogous equations (8), (9), (10) and (11): 


af 
A= — 


Symmetrical Loading.—For equal loads placed symmetrically 
with respect the crown, for symmetrical loading, equations (3), 
(4), (5) and (6), also equations (8), (9), (10) and (11), give the following 
special values: 

For uniformly distributed load over the entire span, and 

equations (13), (14), (15) and (16) give 

only symmetrically shaped arches are treated the fol- 

lowing, the analysis will confined only the half span. 


Moving Load for Maximum Stresses. 


For any arch center line 
the reaction resulting from 
any load the left will 
have the direction and the 
reaction will pass through 
and The reaction will then 
produce moment about any point 

the arch center line, which will negative positive accord- 
ingly this point above below the line and this moment 
will become zero for point line AC. the vertical 


through the dividing line loads load divide for positive and 
negative influences the moment about which point the inter- 
section the line with the centerline though more prop- 


erly the line thrust. 
Hence, system loads covering the span from the right abut- 
ment will produce maximum compression the fibers 
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the intrados and maximum tension (if any) the fibers the extrados 
for the arch section Also, loads covering the span 
from the abutment will produce maximum compression 
the fibers the extrados and maximum tension (if any) the 
fibers the intrados for this same arch section 

Since the resultant thrust masonry arches usually confined 
the middle third the arch ring (see Section IV) and accordingly 
this line thrust very nearly normal the voussoir joints radii 
vectori, follows that the shear component this thrust necessarily 
small and any discussion with regard loading for maximum and 
minimum shears considered superfiuous, especially the unit 
stresses are somewhat liberally chosen, owing the rather uncertain 
properties masonry. 


Action Dead and Live Loads. 


(a.) Uniformly Distributed Live Load and Symmetrical Dead Load. 

Case loading for maximum compression the intrados for any 
point the left half span: This case loading will also give 
the minimum stress the extrados accordance with the 
preceding, the live load must this case cover the span from the 
right-hand abutment the load divide for the point Fig. 
The following definitions terms will adopted and retained 
throughout this work. 

Let the point application the resultant thrust the 
external forces any voussoir joint radial section under con- 
sideration. 

Let and the co-ordinates the point referred the rect- 
angular axes and with origin 


resultant dead load that portion the span between 
and 


resultant dead load for the half span 


load per unit length, covering the span from 
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distance from crown the load divide the left 

thrust from total dead load and live load 
from 

due live load Dto The dead load being 
symmetrical does not affect 

total shear from dead and live loads assumed 
for 


sultant passes through and hence its moment about must 
zero, likewise the sum the moments the external forces about 
must zero. 


Since the dead load not uniformly distributed the case 
arch, the quantities, for successive positions are not pro- 
portional and must obtained q’s. The entire arch 
divided into vertical segments and the weight each, deter- 
mined, also the distance, from the crown, the center 
gravity each The distances, are obtained dividing the 
sums the moments, gr, the sums the corresponding q’s, thus 


The moment equation external forces about 


which when solved for gives 


load p per unit of length 
\ 
2 \ H 2 
\ i 
\ 
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wherein, from equations (13) and (14), 
and 


Also, analogy, with equations (12) and (15), 


Now, since for any point, whose absissa, known as- 
sumed, the ordinate, can found from (17), the locus for all 
points from fully determined and can drawn. This 
locus represents the extreme positions all possible lines thrust 
resulting from the combined action dead load and moving live load. 

The loci maximum and minimum effects give once the data 
for obtaining the thickness arch ring for every assumed point, 
(see Section 

Case loading for maximum compression the extrados for any 
point the left half span. The same loading will also give the 
minimum stress the intrados this case the live load must 
cover the span from the left hand abutment the load divide 
Fig. 
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Retaining the previous notation, the moment equation for the point 
is: 


which gives for the value 


also 


a 


Case loading for the half span covered with uniformly distri- 
buted live load for any point the left half span. this in- 
stance the locus represents line thrust for the assumed case 
loading. The condition imposed makes hence 
for load extending from (17) and (18) give 


and 
and for load extending from (19) and (20) give 
(23) 
and 
(24) 


equations (21) and (23) the value remains constant for any 
position mand has the value 
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This condition loading was formerly applied case for maxi- 
mum stresses the quarter points; but readily seen from the 
above, this assumption gives values which are much too small. 

Case loading for maximum values and the entire span 
being symmetrically covered with uniformly distributed live 
For this condition loading, the shear the crown becomes zero, 
and the locus represents line thrust for the imposed loads. 

The equation moments about any point the line thrustis 


which gives 


which 


Train Concentrated Live Loads and Symmetrical Dead Load. 


Case loading for maximum compression the intrados for any 
point the left Using the notation given under (a) and 
assuming system loads Fig. extending over the span from 
the load divide the following equations are derived the man- 
ner already indicated for (17) and same case loading will 
also give the minimum stress the extrados 


y= 


which 


s l p 
also 
q 
and 
also 
| 


ERRATUM. 


Transactions, Vou. XL. 


Page 44, last line: The last function equation (29) should read 
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will seen from the value (28) that load falling ex- 
actly will neither increase nor decrease the value 

Case loading for maximum the extrados for 
any point the left half span. The same loading will also give 
the minimum stress the intrados The loads are assumed 
cover the span from the load divide and the distances are 
measured before from the abutment Notation before, 
Fig. 


which 
and 
l 
also 


order obtain the greatest load effects this and the previous 
cases, the heaviest loads should placed near and 
case 


(c.) Loading Under (a) Combined with Concentrated Live Load 
Case loading for maximum compression the intrados for 
any point the left half span, giving also the minimum stress 
the extrados Since single concentrated load exerts its 


a a a a 
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maximum positive influence when applied just the right 
the crown (as may seen from equations (28) the load will 
assumed act unit distance tothe right for any point 
the left half span. Hence equations (17) and (18) will apply here 
when the effect introduced (see Fig. 6). 


which 


and 
Ss 


Also 


Case loading for maximum compression the extrados for 
any point the left half span, producing also the minimum 
stress intrados atm. Here exerts its maximum influence 
when applied vertically over and equations (19) and (20) are 
modified follows. See, also, Fig. 


IV.—Conditions Stress Radial Section Arch. 
(a) The Resultant Normal Thrust the Section.—The resultant thrust 
vertical shear for this point. not usually normal the 


radial section will have components perpendicular and par- 
allel with this section. 
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The resultant resolved into (the normal thrust) and (the 
tangential thrust) respectively perpendicular and parallel with 
the radial section which section represented the radius 
vector the curve the point and makes the angle with the 
vertical. 

The values and terms and are now found without 
involving the result. 


their proper relationship Fig. 

from which the following equations are 

obtained: 

angle Onm also 

also 

and 

hence 


However, the tangential force becomes sufficiently large 
require any consideration, especially when arch designed 
that tensile stresses will ever occur, thereby confining the thrust 
the middle third the arch-ring and reducing the angle 
between and very small quantity. Also the high factors 
safety 10) used masonry arches would not warrant the con- 

The Stresses the Section.—1. Analytical Solution. Fig. 10, let 
also let the middle point and the point application 
the resultant thrust distant wfrom Required, the manner 
which distributed over the section and the intensities the unit 
stresses and the extreme elements the arch-ring. 

Nis given for arch unit breadth then and will 
unit stresses. 

For acting evident that the stress uniformly dis- 
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and will greater than each 


effect the moment 


Therefore, 


which 


substituting these values and reducing 


=k, and k, =k, (14+ 52 ( 

The line represents the manner distribution stress 
produced the resultant the section 

Graphical Solution. Equations (39) may written thus, 
represented graphically. 

Fig. 11, draw scale 


and lay off distances and 


the right and left from 


Draw and prolong same 

intersecting mi. Then will 

and will represent the law 
variation stress over the section 
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avoid tensile stresses any section the resultant normal thrust 
must have its point application within the middle third 
said section. 

(c) Thickness Arch Ring.—Given the direction, amount and point 
application the normal thrusts obtained from the load- 
ing for maximum compression the extrados and intrados respectively, 
for radial section Fig. 12, find the thickness the arch 
ring which must provided that certain assigned unit stress 
the extreme elements the ring shall never exceeded. 

While and can never occur 
simultaneously, the center line the 


arch must placed, with respect 
these thrusts, and minimum value 
that the above conditions may 


bs Intrados 
Extrados 


The dimension Fig. obtained 12. 
from the difference between maximum and minimum which vertical 
difference projected the radial section multiplying with 
found, likewise 
The values equations (39) for the two thrusts are 


and and from the figure These values 


substituted second equation (39) give the two following values 
the given allowable compressive stress: 


These equations when solved for and give the dimensions 
sought. 


The ordinate the arch centerline for the section also 
found from and the ordinate the point application which 
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may called Calling the ordinate the center line y,, and the 


w 


The values for the above thrusts and dimensions may now 
found from the first equations (39). 

(d) Tensile may occur that after having found from (40) 
and from (39), the latter value may negative tensile. Should 
this tensile stress excess the allowable stress then the thick- 
ness must further increased, the material the arch 
concrete the excessive tension may taken the insertion wire 
netting iron rods. The method computing the area metal 
required given the following: 

Fig. 13, let the radial arch section tensile stress 
the extreme element and 
the corresponding compressive stress 

tance from the axis the arch. Let 
the area the steel required for 
arch ring unit breadth and 
the allowable unit stress for steel. 


The total tensile stress the arch ring (for unit breadth) will 


From the similar triangles Ben 


The point application isthe center gravity the triangle 


Ame which distant from amount Hence the mo- 


the steel rod, produces therein the force 


u 


(43) 
D (4, T Ae) 
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But hence from (43) and (44) the value found 


equation (45) tensile stress and compressive stress, 
and both enter into the equation without regard sign stress. 


V.—Deformations the Arch Ring. 


(a) General Considerations; Changes Length the Arch Ring.—An 
arch ring, when under the influence stress and changes tempera- 
ture, subject elastic deformations. The compressibility ma- 
sonry stress and the shrinkage caused the setting process 
mortar and concrete, bring about permanent shortening the arch 
ring during construction and test loading. 

The resultant effect these several shortenings and temperature 

_changes produces deformation the arch ring which must pro- 
vided forin the construction, prevent deflection below the normal, 
which, occurred, would materially increase the horizontal thrust 
the abutments. This superelevation, which must given the 
arch ring order that may attain its proper rise when completed, 
called camber. 

Besides the above deformation, which partly elastic and partly 
permanent, provision must also made for the settlement the 
falsework caused the weight the arch ring the time 
closing, when the latter becomes self-sustaining. This part the 
problem here omitted depending entirely the nature the 
falsework and local building conditions. 

The change length the arch ring resulting from stress, tem- 
perature, compressibility material and shrinkage masonry will 
now found. 

The normal arch thrust may found, for any combination 
dead and live loads, from the preceding equations, and this thrust 
increases from the crown toward the haunches. The cross-section 
the arch ring also variable quantity. Hence necessary 
divide the arch ring into sections over which the cross-section and 
normal thrust may considered constant. The sum the incre- 
ments change these sections gives the change length the 


arch ring. 
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Let length section arch, over which the area and thrust 
are assumed constant. 
increase the length for any assigned reasons. Decrease 
negative. 


abutment. 
normal thrust acting through the length 
average cross-section the section length 


modulus elasticity the material for the working stress 

modulus permanent set the material for the working 


stress 
F 
coefficient expansion for Centigrade. 


coefficient shrinkage from setting mortar concrete 


air. 
then 


The elastic change length arch ring completed 
structure longer subject increased permanent set 


INL 


Deformation; Analytical Solution.—To find the deflection the 
crown arch ring, which latter has shortened amount 
found from (47) (48). 


Fie. 14. 


Let Fig. 14, the chord from crown abutment, correspond- 


1 Le = 4 
l 1 
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ing the half span and the length this chord after 


the half arch ring has shortened amount and the rise has dimin- 


ished the span remaining unchanged; also, =the 


length the center line the arch ring between the crown and 
the abutment. 


and 


The value which represents the deflection the crown, may 
then found from equations (49) and (50). 


While the value not exactly correct, yet the approxima- 


tion close that the resulting equations give values entirely 
within the knowable accuracy even for long spans. 

will noticed, this solution applies arches any shape not 
necessarily circular, but most accurate for circular arches. 

(c) Deformation Graphical Solution.—The general case for any con- 
dition unsymmetrical loading and displacements abutments can 
best solved the graphical method.* Only the 
method here given, without repetition its derivation, for which 
see above-named article. 

Fig. 15a, let represent the line thrust three-hinged 
arch for any particular case loading; L,, L,, the sections 
into which the arch divided; and A2, A3, the con- 
tractions the lengths L,, L,, etc., respectively, caused from any 


combination conditions, stress, shrinkage masonry, tempera- 
ture, ete. 


the Association Engineering Societies, Vol. xiii, 310. 
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Fig. draw succession, from any point A’, the contractions 
L,, Fig. 15a, and the direction which these contrac- 
tions act relatively the fixed the example, the /\’s being 
negative, the elements the arch, Fig. all move toward and 
from The broken line then represents the motion the 
point relatively the point assuming that the arch elements 
move parallel themselves. like manner, the broken line 
Fig. represents the motion the point relatively the point 

However, the elements the arch not move parallel them- 
selves, but the half arch revolves about and the half arch 
revolves about until the point common both halves, attains its 
new position. This revolution performed operation 
follows: 

Fig. draw perpendicular and through A’; also 
through O'r perpendicular and Fig. 15c, through 
pendicular Now transfer O's from Fig. Fig. 
parallel and equal itself, and Fig. draw perpendicular 
and will.represent the direction and amount the dis- 
placement the point Also transfer O'r from Fig. Fig. 15c, 
and Fig. draw O'' perpendicular and will check 
direction and amount the value found Fig. 

find the displacements the individual points etc., 
draw broken line A’, with its elements proportional 
and respectively perpendicular the elements The 
lines will represent the true displacements the 
the points etc., respectively. The same construction applied 
Fig. 15c gives the displacements the points the half arch 

When the abutments are displaced amounts Aand 
respectively, these displacements are embodied the diagrams 
Figs. 15, and indicated the dotted construction, and the dis- 
placements are then measured from the dotted broken lines 

For symmetrical loading, where the displacements the half arch 
are exactly equal those the half arch the line thrust 
symmetrical, and the deflection the crown must vertical. 
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This extra condition makes possible dispense with one the 
diagrams, and the solution becomes shown Fig. 15d. The point 


vertical through This vertical becomes the deflection 
the crown. 


should noticed the solution Figs. 15, that Fig. 
drawn small scale, while the displacement diagrams and are 
drawn natural scale. For small contractions these diagrams may 
drawn scale 100 times the natural. 

always best make accurate determinations the above values for 
the material used any particular structure, especially when 
close agreement desired, yet brief summary the meagre data 
this subject may useful furnishing values for preliminary com- 

Values Portland cement mortars, sixteen weeks 


old. 
Values for one degree temperature (Centigrade). 
Cement mortar 0.00001 0.000014 
Portland cement concrete (Bausch- 
Stone and brick (Bruniceau)............. 0.0000053 0.0000083 


Regarding the values and will necessary recite 
briefly the results the interesting set experiments made 1894 
Professor Bach, Stuttgart, which are vital importance 
the subject here treated. 

These experiments showed that any concrete when subjected 
stress would undergo permanent set and elastic deformation, the 
magnitudes which become constant after several repetitions the 
same stress. The number repetitions necessary produce con- 
stant deformations appeared function the breaking strength 
the concrete, and the intensity stress. The greater 
the ultimate strength, the less repetitions were required; and the 


greater the applied stress, the greater the number repetitions. 


See article David Molitor Concrete under Compressive 
Stress,"’ Jour. Assoc. Eng. Soc., May, 1898. 

See Committee Compressive Strength Cements, etc. Transactions 
Vol. xv, p. 717. 


Am. Soc. 
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However, for each kind concrete maximum stress was reached 
(about 0.7 breaking stress) for which seven eight repetitions 
would still continue increase the deformations. Presumably more 
repetitions would have restored constancy, but this point may 
regarded natural limit allowable stress, though there does not 
appear definite limit elasticity. 

The tests were made cylindrical samples concrete, 
long and cm. diameter, mixed part Portland cement 
parts sand parts broken limestone, and part cement sand 
stone, age two three months. The breaking strength was 
every case determined from the cylindrical samples. The strength 
the same concrete developed cubic samples would have been about 
one and one-half times the strength obtained from the long cylinders. 

The following tables give values and for various values 
ultimate strength and applied loads. These given metric 
atmospheres. 


tabulated values). 


STRENGTH 


Found from Estimated 
cylinders. | for cubes. 


228 
120 262 
100 150 296 
120 180 
140 210 


tabulated values). 


ATMOSPHERES. 
Found from | Estimated } 
cylinders. | for cubes. 8 10 15 20 % 30 85 40 


The important conclusions arrived Tourtay,* regarding com- 
pressive properties masonry, are here given. 


* Annales des Ponts et Chaussées, 1885, ii, p. 15. 


q 
4 
| 228 214 204 198 181 171 163 
258 246 234 222 210 200 191 
290 278 266 255 244 235 224 i 
314 298 286 276 267 257 247 f 
333 317 308 291 280 270 260 
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The ultimate strength small cubes cement mortar con- 
siderably less than the compressive strength blocks masonry 
made with the same mortar. 

The pressure which crushes the masonry inverse function 
the thickness the mortar joint. 

Stone plates laid loosely upon each other have much smaller 
compressive strength than solid cubes. 

The same stone plates, when cemented together with neat 
cement grout, possess the same compressive strength solid 
stone samples. 


APPLICATIONS. 
Solution Problem. 


(a) Introductory.—To illustrate more clearly the method arch con- 
struction proposed the foregoing, problem solved sufficient 
detail bring out the practical applications the theory. 

designing metal bridges, the dead load generally known, the 
more accurate for the forms most use. This not the case with 
masonry arches for reasons insufficient experimental data. Also, 
steel arch may designed with any rational center line because 
tensile stresses can provided for, while masonry only compressive 
stresses are safely permissible; therefore, the shape masonry arch 
necessity function its loading. 

However, with the dead load known, the three-hinged masonry 
arch can analysed and dimensioned with the same degree ac- 
curacy, consistent with the nature the material, possible 
steel. But, the dead load can obtained other way than 
computation from assumed dimensions, the solution must reached 
successive approximations dimensions until the loading result- 
ing therefrom produces stresses the arch which are not excess 
the allowable unit stresses. Much depends the experience 
the designer the rapidity and directness with which solution 
may obtained. 

The method which believed will lead solution with 
minimum useless computation illustrated the following 
problem. 


Statement the Problem.—Design three-hinged concrete arch 
72-m. span between pin centers, rise, m., width driveway, 
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8m., and footwalks wide, each side the driveway. The 
profile the site given, and the abutments are founded 
hard clay. The bridge carry electric motor car weighing 
000 kgr. (44 000 Ibs.) track 1.43 (4-ft. gauge, and 
uniformly distributed live load 400 kgr. per (82 lbs. per square 
foot). 

The maximum allowable working stresses are atm.* (568.8 
per square inch) compression, and atm. (28.4 Ibs. per square inch) 
tension, for concrete composed part Portland cement parts 
sand parts crushed limestone. This concrete must attain the fol- 
lowing compressive strengths 20-cm. cubes: 220 atm. days, 
350 atm. months, and 500 atm. years. The tensile strength 
mortar composed part cement parts sand must least 

(c) Outline the Method. (See Plates and this 
all bridge designs, the details the roadway and its supports the 
arch ring are first designed. doing the dead loads may com- 
puted, involving the weight the arch ring the only variable sub- 
ject correction. 

diagram the half span (see dimension diagram, Plate II) 
then prepared and the roadway and its supporting columns drawn, 
which fitted arch ring seeming good proportions for the given 
span and rise. Herein, the experience the designer practically 
his only guide, but reference completed design solution once 
made will assist wonderfully making close approximations. will 
seen from the side elevation, Plate that the center line 
three-center curve) almost complete circular are, slightly flattened 
the crown. 

The concentrated dead loads, are now computed using the 
dimensions scaled from the preliminary diagram. These values, 
together with values and are tabulated together with com- 
puted values (see Table No. 1). 

Then assuming the maximum case loading over the entire span, 
compute S,,,, from equation (27), from equation (26) and 

maz from which may found the required 


thickness arch ring the crown D,= and the abutments 


pheres equal kgr. per cm.? (14,22 Ibs. per square inch) 
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Da= 


widely from those computed, well make second approxima- 
tion before proceeding further with the solution, though idea 
can yet formed the required arch thickness the quarter 
points. The arch thicknesses, the crown and springing, should 
chosen about greater than found computation, since these sec- 
tions will adjacent the hinges and some allowance must 
made for unequal distribution pressure due friction the 
hinged bearmgs. 

When the solution appears satisfactory this stage, the assumed 
arch ring should tested two three points between the crown 
and springing. The maximum thickness the arch ring will occur 
distance about from the crown. other sections, 
distant about 0.15 and 
from the crown, should 
dimensioned, after which 
will usually possible 
proceed the final design and 
computation, unless the agree- 
ment with the preliminary de- 
sign was not sufficiently close, 
which case the process 


should repeated approxi- 


Fia. 16. 


mating new arch ring, using 
the dimensions last obtained. this latter case some allowance should 
made for the probable effect the new dead loads. The larger the 
ratio between dead and live loads, the less will the divergence 
maximum and minimum thrusts, though increase dead loads 
will also increase the resultant normal thrust any section. 

The method dimensioning just referred consists computing 
maximum and minimum y’s and the corresponding H’s for each the 
three points, using the present problem equations (32) and (34). 
The differences the y’s give the y’s Fig. 16. Then, finding 
from equations (33) and (35) for each the three points, compute 
and from equation (36). From equations (40), (41) and (42) the 
values and y,, respectively, may found. The value cin 
equation (40) equal cos may also seen Fig. 16. 
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All the factors for five points, including crown and springing, being 
now fully determined, the intermediate values can easily inter- 
polated making the final dimension diagram. 

The new diagram now accurately drawn, and the design carefully 
computed, the manner just outlined for the three test points, ap- 
plication the method many points may deemed necessary 
desirable fully determine the dimensions and stresses through- 
out the arch. 

There still one other point which interesting know and 
illustrated the final computation. The center line the arch ring 
and the line thrust for the case uniformly distributed 


live load acting over the entire span, are nearly alike that 


appreciable error would introduced accepting this line thrust 
for the center line. 

The above outline the method followed now applied 
the problem hand. the following computations, the arch ring 
assumed wide, and the live load thus becomes 400 kgr. per meter, 
combined with concentrated live load 000 

(d.) Design the Roadway.—From esthetic considerations and for 
economic reasons, the roadway designed the parabolic curve 
whose equation 0.001 making the same 1.3 higher 
the crown than the abutments (see Plate I). 

The roadway made concrete floor arches 2.4 span, 
carried small concrete piers resting the arch ring. The cross- 
section the driveway the circle having middle ordinate 
0.12 m., and covered with cm. asphalt composition. The 
footwalks are sloped toward the bridge axis with slope 100, 
and are finished cement mortar. The car track placed the 
center the driveway and hard paving brick laid adjacent the 

The horizontal thrust the floor arches taken steel 
rods 2.5 cm. diameter, and spaced cm. apart under the driveway 
and cm. under the footwalks. Expansion joints are provided 
the roadway the crown and the abutments, all shown 
Plate Drainage the roadway provided cast-iron pipes 
placed the first piers adjacent the abutments, one for each 
gutter. 
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accordance with this design the weight the floor, complete, 
the springing the arches and between the pier centers, estimated 
follows: 

Concrete for arch and portion pier springing, 

Six steel rods, 2.5 cm. diam., long. ........... 


Six asphalt composition 200 kgr. per 


Total weight carried one pier 
The round number 900 kgr. was used. 


The arches are designed carry 000 kgr. evenly distributed 
over the half span (unsymmetrical load diagram Plate II), 
and the center line corresponds the line thrust following from 


000 kgr. distributed over the entire span (loads The 


lines for these loads are drawn for arch horizontal, also for 
the inclined position between piers and8. The maximum horizontal 
thrust m.* concrete 700 kgr. for arch wide. The 
maximum compression the crown atm. and the haunches 
and quarter points 36.8 atm. tension occurs anywhere. 

The longitudinal section investigated the curb the drive- 
way where the minimum thickness arch (15 cm.) possible. How- 
ever, this portion the roadway, according the above computa- 
tion, amply strong carry 20-ton road roller. result the 
crowning the roadway the floor arches attain thickness 
the axis the bridge. 

(e) Design the Arch Ring.—A preliminary diagram similar that 
shown Plate now drawn and the dead loads are com- 
puted and tabulated, together with values and far 
these may necessary for the points the present problem. 

The points and would have been somewhat better, but those 
chosen are for good interpolations intermediate values. 

The preliminary investigation for the crown, the points and 
10, and the springing, given Table No. the results which in- 
dicate fully what extent the assumed design was error. 

the preliminary diagram certain values and were as- 
sumed. These are tabulated, together with the results from Table 
No. 
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| PRELIMINARY VALUES. ComMPUTED VALUES. 
Point. 
0.82 0 0.880 0 
1.40 0.38 1.436 0.423 
er 1.63 1.90 1.660 1.964 
1.40 6.30 1.500 6.394 
Ticscccvecccevses 1.00 10.00 1.060 10.000 


From this comparison, which shows aremarkably close first approx- 
imation shape and thickness arch ring, will seen that 
now perfectly safe proceed the final design and the detailed com- 
putation thereof. This could have been done even with less satis- 
factory coincidence the above values Dand 

From the values and just found Table No. the inter- 
mediate values must now interpolated, preparatory constructing 
the final dimension diagram Plate IT. 

find the arch center line, plot the 
five points, whose co-ordinates and 
are now known, and connect them cir- 
cular arcs using the method indicated 
Fig. 17. Connect the plotted points 
straight lines forming the polygon 
—6—10—12. any circle 
with convenient center the vertical, 
12', having its sides respectively parallel 
those the foregoing polygon. The 


and the latter, when drawn, will intersect 


the centers and the arcs sought. Usually 
three-center curve will found fit arch this type, was done 
the present example (see Plate 

interpolate values between those already found, plot the 
found values ordinates with the corresponding values 
Fig. 18, choosing vertical scale about twenty times the horizontal. 
joining these points with the use irregular curved ruler, and 
noting that maximum should occur 0.3 from the crown, 
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about point the intermediate values may then scaled from 
the diagram with considerable accuracy. 

The diagram, Plate can now drawn, and all necessary 
dimensions for the final computation are then scaled therefrom. Any 
slight differences that may found between these scaled dimensions 
and the final computed arch dimensions will too small warrant 
reconsideration, especially the knowable accuracy with which 
the dead loads can determined far less than any differences 
still expected this stage the solution. The final drawings 
should, course, constructed with the use the dimensions re- 
sulting from the final computation. 

The final computation carried out complete detail Tables 

all the steps the 
solution the formu- 
las used are readily 


traced without any fur- 
ther description. The 
weights are based 


Values of D 


assumed weight 
the concrete 
kgr. per cubic meter. 

Table No. gives 
the general data rela- 
tive dead loads, and 

the computation 

the line thrust for live load 200 kgr. per square meter over the 
entire span. This case loading should give line thrust corre- 
sponding with the center line the arch ring. 

Table No. gives the computation for the values maximum 
being the result loading which produces the maximum compres- 
sion the intrados, and the minimum stress the extrados. 


88 cm. 


18. 


Table No. gives the computation for the values minimum 
being the result loading which produces the maximum compres- 
sion the extrados and the minimum stress the intrados. 

Table No. gives the computation the thickness the arch 
ring the several points selected, also the ordinates the center 
line, and the unit stresses the extreme fibers the arch ring. See 
Plate for graphical representation. 
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comparison the last assumed data, and the final dimensions 
obtained Table No. given the following table, from which 
clearly seen that the last assumed arch ring gave dead loads and 
dimensions which could scarcely improved further compu- 
tations: 


AssuMED Dimensions. |ComPuTED DIMENSIONS. 
For total live load 
88 0.00 88 0.000 0.000 
112 0.05 110.4 0.043 0.042 
131 0.18 129.8 0.188 0.185 
145 0.45 145.8 0.440 0.442 
154 0.80 156.4 0.820 0.824 
162 1.29 168.3 1.339 1.346 
166 1.96 168.0 2.002 2.012 
167 2.80 169.7 2.828 2.842 
166 3.79 166.6 3.833 | 3.844 
160 4.98 162.7 5.010 5.026 
150 6.38 151.8 6.397 | 6.408 
184 7.% 133.3 7.904 7.998 
106 10.00 106.0 10.000 | 10.000 


The above agreement between and illustrates very strikingly 
the statement previously made, viz.: that the line thrust, for case 
entire span covered with one-half the uniform live load, represents 
practically the center line the arch. 

will noticed that the tensile stresses the intrados points 
and (see Table No. excess the allowable, being 
atm., against allowed. This would probably safe, 
but having set the limit atm., the excess 0.8 atm. must pro- 
vided for, either giving the section larger dimensions these 
points, introducing few iron rods take the excessive 
tension. The latter method will adopted merely illustrate the 
application the formula. 

The sectional area iron required for cm. width 


(ky 
(10 000 per square inch), and leaving about cm. 
concrete outside the iron. 


equation (45), 


substituting these values (45), and solving, found that 


0.. 
1.. 
2.. 
3.. 
4.. 
6.. 
8.. 
9., 
10., 
J 
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rods mm. diameter for each meter arch, rods mm. 
diameter, whichever may preferable. 

Design the Hinged Bearings.—The radius curvature the 
rolling surface according Winkler, Heinzerling Melan given 
which the maximum normal pressure the 
bearing 390 543 kgr. for width arch, length roll- 
ing surface cm. and allowable unit working stress 240 
atm. for cast iron under slow motion. 
Then 
390 


em. 


find the height the bearing necessary distribute the stress 
over the concrete, let 


height the bearing. 

thickness arch ring adjacent the bearing 106 cm. 

width bearing 100 but the rolling surface only 
cm. 

normal pressure the bearing for width arch 
390 543 ker. 

tangential stress the bearing for width arch 


860 
maximum bending moment the bearing. 
3 
moment inertia vertical section through axis 
roller. 


allowable unit stress 500 atm. for cast iron, quiescent load. 
Then 


which solved for gives 


The coefficient friction between cast iron and stone about 0.6; 
hence tangential stress 0.6 234 300 kls. would required 
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slide the bearing plate. The existing tangential stress only 860 
kgr. However, rib provided the bottom the plate 
prevent sliding during the erection the structure. 

diminish the sliding friction between the roller surfaces the 
bearings, intended make the radius the convex surface 
em. and that the concave surface 16.5 (not shown the draw- 
ings), thus converting the sliding friction into rolling friction. The 
are described these rollers, for the extreme movements the arch, 
small that the point contact between the rolling surfaces 
would not appreciably displaced, and there absolutely danger 
unequal distribution pressure the casting, even were the 
motion reach are. 

(g) Composition the Concrete.—The full section the arch ring 
for distance from the hinges, and all outside the middle 
third the arch ring; also the floor arches and the exposed surfaces 
abutments and piers for adepth cm. from the surface, shall 
concrete, composed part Portland cement parts sand 
parts limestone. The middle third the arch, the surfacing the 
roadway under the asphalt composition and the cores the small 
shall mixed except the abutment foundations which 
shall made shown Plate 

Camber.—The camber allowed the arch ring will now 
found for the condition that the bridge when completed, carrying 
the dead load and load 200 kgr. per square meter, shall 
its true level Cent. 

realize this, the falsework must superelevated amount 
equal this camber plus the settlement which the former may 
undergo the time closing the arch ring. The settlement 
the falsework should determined actual tests made prior con- 
struction. 


After the arch ring closed mean temperature of, say, 24° Cent., 
and under stress, should above its geometrical shape the 
amount the camber. Hence, the camber will equal the 
tion the crown caused the dead load and the uniform live load 
200 kgr. per square meter, and diminution temperature 24° 
Cent. below the mean. Then, under ordinary temperatures and loads, 
the arch will usually above its theoretical position, which very 
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desirable, the horizontal thrust materially increased diminu- 
tion the rise the arch. 

The thrusts resulting from the assumed case loading are found 
Table No. using equations (26), (27) and (36). 
the successive arch sections between the crown and the abutment, for 
the respective values are also found Table No. from equa- 
tion (46). the assumed case loading one symmetry, only 
the half arch treated. 

The concrete used for the arch ring should possess ulti- 
mate compressive strength 220 atm. probably the age when the 
bridge will first tested. From Table No. the average unit work- 
ing stress, for the case loading just above mentioned, will seen 
the data given under Section (d), follows: 0.0000088, 
295 000 atm., and 3000 000 atm. For 24° Cent., 


0.00111 and 0.00000372, which values are used 


Table No. find the L’s. 

The abutments themselves will somewhat displaced result 
stress and temperature effect, though the shrinkage will probably 
have taken place prior closing the arch ring. Hence the equation 


for the shortening the abutment may written 


F 


value, and 1000 cm., becomes 0.23 cm. This displace- 
ment considered the graphical solution Plate but not the 
analytical solution here following: 


which 3.693 permanent and 0.828 cm. elastic. 


Hence from equation (49), 


and from equation (50), 
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This agrees very closely with the value 16.65 cm., obtained from the 
graphical solution Plate 

When the displacement the abutments, amounting 0.23 cm., 
included, the total deflection the crown will The de- 
flections any other points the arch ring may scaled from the 
diagram, Plate 

the falsework were absolutely rigid, the crown the arch would 
require superelevation 17.5 cm., that the arch, closed 24° 
Cent., and when carrying its own weight and live load 
per square meter, will have rise Cent. The design 
the falsework not made part this problem. 

(i) The Pressure the Abutment Foundations.—This found 
4.76 atm. (see Plate II). This, for the character the substrata, 
assumed the problem hard clay, way excessive. How- 
ever, when dealing with aspecific case, the pressure area may made 
any desired quantity and the foundation pressure diminished 
such intensity may seem safe for the particular case. 

The fact that small settlements the abutments three-hinged 
masonry arches are not attended any serious consequences, 
especially when sufficient camber was put into the arch during con- 
struction, makes perfectly safe exceed the pressure limits, 
foundations hitherto allowed for arches without hinges, from 
100 per cent. 

(j) Estimate following table contains the quanti- 
ties Portland cement concrete the various mixtures for the dif- 
ferent parts the structure. 


QUANTITIES CONCRETE, CuBIC METERS. 


Structural parts. 
1:2:3 | 1:4: 8: 3st. 
| 
Two abutments and wing walls......... 
Totals cubic 108.5 78.5 979.7 2172.6) 2176.5 


{ 
{ 
¥ 
3 
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QUANTITIES. 


QUANTITIES. 


Items. | 
Metric units U.S. units. 


Portland cement concrete, mixed, Ic. : on: 3 broken stone...| 1 612 m*. “—-s cu. yds. 

“ “ 1 8 6 “ “ 749 “ 979.7 

1 :4 :8b.s.,3stone....| 1664 “ 2176.5 
Louisville cement concrete 1 6 :12broken stone..| 720 ‘“ 941.8 “* 
Asphalt pavement over abutments, concrete found...| 176 yds. 
Asphalt composition cm. thick over bridge............. 
Concrete footwalks over abutments........... 10.2 
Concrete balustrade over abutments. .. 44m. 1443 ft. 

194 m. of steel grooved rail, 80 lbs. per yd. or 39.76 kgr. per m.| 7 713 kgr. 16 970 Ibs. 
972 steel rods, 2.5 cm. dia. 3.05 long, nuts each end 12.4 
120 Jat 14.9 kgr. per Ibs. per ft....... 1788 
Cast-iron hinged bearings.................... 81600 179520 


Unit prices have not been inserted the above table because these 
are too much dependent local conditions and market values. How- 
ever, liberal estimate cost for the entire structure designed, in- 
cluding 10% for engineering contingencies, would about $96 000. 
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DISCUSSION. 


Watrer Am. Soc. E.—This subject deserves atteution Mr. Berg. 
and study account clear presentation the author, 
and, further, because several bridges have been built after this method 
Germany engineers who stand very high the profession. How- 
ever, should remembered, that this structure preva- 
lent European practice, the design which the tendency the 
engineer has been consider structure perfect, engineering 
sense, the sections have been reduced the actual theoretical mini- 
mum, independent the question additional cost labor, and other 
features which come in. American practice the aim simplicity, 
even sacrifice additional material. The speaker coincides with 
Mr. Goldmark his statement, that, the addition few inches 
the thickness the ring, which very small percentage the 
entire masonry the structure, absolute safety can obtained with- 
out going into these theoretical detailed methods construction. Per- 
haps the solution the whole question would take extra care 
making the foundations safe, and away with the main 
argument favor the three-hinged masonry arch, namely, that 
should used where the foundation might settle. The speaker does not 
wish take the stand that nothing can learned from European prac- 
tice; but believes that the tendency America will always toward 
simple structure, even with the use more material, thus avoiding 
the very great refinement required construction this kind. 

Am. Soc. E.—Engineers America have Mr. Johnson. 
made and are likely continue make some mistakes the matter 
avoiding those structures, the computations for which are difficult. 
Careful distinction should made between difficult computation 
and uncertain computation. The speaker believes that the ordin- 
ary arch is, under all uncertain product, because 
the unknown rigidity the abutments and the amount de- 
formation which occurs the arch when the centering removed. 
When crack seen, known that the tension that place has 
been more than the masonry would stand. How far that crack extends 
not known, and the pressures are not known. 

Now, the three-hinged masonry arch structure stable 
any, and the speaker, having much confidence Portland cement 
the best kind building stone, believes speak- 
ing, may regarded absolutely permanent. These arches muy 
built either stone concrete, with without steel embodied inthe 
arch ring, and they may adapted almost any set conditions. 

The author has given very clear, concise, and accurate solution 
the problem. The argument that the solution each problem 
difficult, tedious, unknown most engineers, has value. Sup- 
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pose the problem necessity long and tedious the greatest expert, 
the man whom placed the highest confidence; suppose spends 
month figuring the stresses such structure—this would said 
beatedious computation; but what month’s expense one man 
computing important structure, compared with the cost the 
structure? simply nothing all. The important questions are: 
Are his figures representative the facts after the structure has been 
erected? And which readily erected accordance with 
theory? The speaker believes that the three-hinged masonry arch can 
readily erected accordance with theory, and that the theory com- 
petent determine the facts. this so, such structures should 
accepted normal, proper, and having many advantages which the 
present iron and steel structures not possess, one which, the advan- 
tage permanence, one would claim for iron and steel the present 
state ignorance the proper methods preserving them from rust. 

Henry Am. Soc. E.—This paper able argu- 
ment favor masonry arch—more distinctly concrete arch—with 
detailed design bridge built according the formulas developed 
the first part the paper. The formulas question look much more 
formidable than they really are. The arch being built with three hinges, 
the author assumes that the reactions the crown and the springing 
will pass through the hinges, and that the two halves the arch will 
turn freely about them. The problem determining the stresses any 
section becomes, under these conditions, purely statical one, without 
the necessity introducing the more complex methods involving the 
theory elasticity. The solution the stresses can readily reached 
simple analytical graphical methods which, for any particular 
case, present difficulty. The apparent complexity the author’s 
formulasis due the fact that presents the problem very elegant 
general form, order make the solution more complete for any 
possible case that may arise practice. The discussion the best 
way arriving the the speaker has found much value. 

The interest the paper centers more particularly the question 
whether masonry arch with hinges much better than one with- 
out hinges warrant the substitution these details for arch 
ordinary form. this, opinions may very well differ. Masonry 
arches have been used, almost from time immemorial, and the results, 
the author states, have been very favorable. The burden 
favor introducing new form rests, course, entirely with those 
who advocate the innovation. 

The author’s reasons for wishing introduce the hinge are, first, 
his belief that case the foundations settle the hinged arch would 
safer, and could used where the foundations are not considered 
sufficiently uniform and solid for ordinary arch; second, that the 
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stresses being more determinate, there would less chance the arch Mr. Goldmark. 
cracking; and third, that temperature changes would less im- 
portance the jointed arch. 
the speaker seems that the substitution this form needs 
stronger evidence than brought forward this paper. The intro- 
duction movable joint appears, his opinion, radically 
variance with the character masonry construction. matter 
fact, even the author’s careful design, the idea not fully carried 
out. The flooring and filling are really continuous and would 
oppose great resistance motion the hinge the crown. The 
result would that cracks would take place the spandrel else 
that the hinge would remain fixed. Either alternative would unfortu- 
nate. Inthe latter case the author’s assumption the determinate 
character the stresses would vitiated. true that the hinges 
would confine the line pressure within somewhat closer limits, but 
the arch would, after all, elastic and not Ordin- 
ary prudence would, therefore, prescribe that the usual practice 
followed and the stresses determined, both for the fixed and the hinged 
end conditions, that the dimensions the arch ring could pro- 
portioned for the more unfavorable case. 
The design which the author works out with great care differs 
essential respect from similar arches which have been built without 
hinges, nor the section the arch which finally obtains very differ- 
ent from that ordinary arches which have stood well practice. 
The hinged arch, the hinge acts, will, however, have greater de- 
flection and hence involve greater stresses, least some parts 
the structure. hardly conceivable, least the case rail- 
road bridge, that this can anything but detrimental. may 
added that the introduction metallic parts, which are subject 
corrosion, must considered objectionable masonry bridge. 
The experiments the Austrian Society Engineers and Archi- 
tects, made some five six years ago, which the author refers, 
show clearly that the ordinary hingeless arch, whether built con- 
brick rubble, does act very much the elastic theory indi- 
cates. This theory complex its application, almost too much 
for every-day practical use, except rare cases. the same time 
there need great difficulty determining perfectly safe dimen- 
sions for even the largest arches. Arch estimates, such the speaker 
has lately had occasion make several large arches, show that the 
total amount masonry the arch-ring is, after all, only small 
percentage the total masonry the bridge. The addition ins., 
ft., the arch, above the absolute minimum required, would make 
the bridge safe beyond peradventure, without increasing its cost ap- 
preciably. The economy that could introduced the use 
hinges is, then, not very great, while would more than counter- 
balanced the accompanying drawbacks. 
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CORRESPONDENCE. 


Gustav Am. Soc. E.—The writer agrees with 
the author that masonry arch bridges should built preference 
iron and steel bridges wherever possible, because they will last longer 
and cost next nothing for maintenance. 

argue from this, however, that masonry arches long span are 
only feasible preferable when built with hinges, conclusion 
with which the writer does not agree. Masonry arches have the very 
valuable qualities rigidity and durability. These qualities are 
impaired hinges. Unyielding foundations, rigid abutments and 
careful work should not less necessary for hinged arches than for 
fixed arches, which are better all respects. For none the hinged 
masonry arches already built can truthfully claimed that they 
are rigid, good, durable, fixed masonry arches 
corresponding material. Ifthe Cabin John Arch were hinged, would 
not the absolutely rigid bridge 1s. 

Hinges may give theoretical excuse for paring down the dimen- 
sions the arch ring and abutments, and for building 
moderately good foundation”; but such bridges will not stand the 
test time with good proportioned and well-built fixed masonry 
arches. the foundations are not secure, and cannot made secure, 
arch bridge any kind should attempted. 

With the same proportion rise span (72 m.) the 
author’s design (page 58), and for the same moving loads and same 
unit pressure, equal the crushing load the arch ring, 
140 (459 ft.) readily feasible. the proportion rise 
span span 600 ft. becomes feasible under the same condi- 
tions, but all cases the writer would prefer fixed arch one 
with hinges. 

The supposed greater accuracy calculation hinged arches, 
compared with the ordinary fixed masonry arch, largely illusory. 
The fact which not illusory, however, that the hinged bridge 
less rigid than the fixed arch bridge. The question not that 
rigid enough, that more rigid than metal bridge. rigidity 
bridge there cannot too much; the fixed arch bridge more 
rigid than the hinged arch bridge, which certainly is, that should 
sufficient reason for avoiding hinges. 

are other, minor, The hinges, having 
metal, require looked after and kept good condition 
cleaning and painting, thus introducing the trouble and cost 
maintenance, entirely absent the fixed stone arch bridge. Corrosion 


the metal hinges not preventable, and the durability the bridge 
limited that the hinges. 
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The refinement having the concave surface the hinge some- Mr.Lindenthal. 


what larger radius than the convex surface, for the purpose mini- 
mizing the friction, still more increases the liability corrosion. Dust 
and rust will lodge the hinge, where any amount cleaning cannot 
remove them. Changes the form the arch, from whatever cause, 
will localized the hinges. Bending strains the arch-ring are 
then unavoidable, and not possible determine them with any 
definiteness. the fixed arch, such bending strains are distributed, 
and, therefore, minimized, over its entire length. 

The calculation fixed masonry arch bridges presents greater 
difficulties than that hinged arch bridges. 

The theory for the calculation fixed masonry arches, based 
the elasticity the material, which the author (page 33), claims 
the only one entitled confidence, has not received general accept- 
ance, and does not deserve it. far any elasticity all 
ascertainable building stone and mortar, uneven, and be- 
tween such very wide limits, that any theoretical results based 
must necessarily equally unreliable and divergent. Elasticity has 
bearing the determination the camber meet the flattening 
the arch after completion, which old arithmetical operation 
with data from experience the compressibility different kinds 
masonry and foundations. 

The stability and strength stone arches any form can reliably 
determined upon the same principle which was used the old 
masters who built the great German cathedrals the middle ages. 
The finely dimensioned and exquisitely balanced arches and vaults, 
meeting top slender columns, were not the product chance; 
they were determined calculation, which the Bauwage literal 
translation which building balance) was the principal instrument. 
was simply string cord representing the center line the arch. 
The string was loaded and shaped with weights representing the loads 
carried the arch. One end the string passed over pulley 
and was balanced weight, which represented the horizontal thrust. 
inverted equilibrium polygon, course, corresponded all re- 
spects erect one. Thus the position, intensity and direction 
the thrust were known every point. This principle, also used 
Rankine basis for his theory masonry arches, reaches back 
antiquity, being claimed that the cathedral builders derived from 
Arabian mathematicians. used with perfect safety, aided 
the greater accuracy modern analysis and graphical statics, for the 
largest masonry arch spans any form. 

The arch, assumed carrying all the loads, vertically, course, 
and not radially, this method treated bent wall, held 
position and equilibrium between unyielding abutments. For such 
arch, considered inert mass, the pressure line, form and 
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location, can ascertained with accuracy sufficient for all practical 
purposes; also can the variations the pressure line from moving 
load. Rankine’s rule, which excellent one, and should adhered 
all cases, that the pressure line and variations same shall not 
pass out the middle third the arch-ring section, which should 
thoroughly bonded. flat arches this condition can always com- 
plied with. For long spans the arch material may arranged the 
form deep ribs. 

Rigid spandrels, which can very well consist open gallery work 
longer spans, good cement and good bonding, arch, give addi- 
tional security. Piers walls are likewise, rule, proportioned 
that the pressure line does not pass out the middle third. The 
safety all such masonry assured, even the coursed stones were 
laid without mortar, the latter merely insuring good fit. Hinges for 
fixing the pressure line through the center line the arch are not 
necessary; but rigid abutments, painstaking care and good judgment 
the execution the work are greater importance, whether there 
are hinges not. 

rule, much easier design and calculate masonry arch 

The great amount bad work arch building and the founda- 
tions responsible for cracks and failures bad designing. The 
effort and skill the engineer should directed toward getting 
not merely moderately good foundations,” which the author claims 
are good enough for hinged arches, but get unyielding foundations. 
that respect the better knowledge physical conditions, the better 
materials, and the greater resources modern engineering, can 
used with greater advantage than was ever possible before; where 
these cannot had, metal truss bridges are preferable. 

Brick arches, made separate rings, each single brick 
thickness (instead the arch ring being bonded through like wall), 
with from four eight such rings above, and unconnected with, each 
other, may seen carrying railroad tracks. The rigidity such 
arch derived only from the spandrel filling. Yet because such arches 
sometimes hold (the bricks, were, having more sense than the 
builder that put them there), that cheap practice frequently pointed 
out good example. bad work this and similar kind that 
has discredited masonry arches. 

For long span masonry arches, but always the fixed kind, the 
writer would prefer granite the best quality, rather than the best 
concrete, the stones reach through the entire thickness the arch 
ring every third course least. The flattening the arch, 
when released from the staging, thereby distributed over all the 
many radial joints. But monolithic arch masonry the quality 
proposed the author used, greater safety against cracking can 
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had, the judgment the writer, embedding laterally con- 
nected iron ribs, corresponding the Melan construction. This 
system lends itself very well deep ribs long spans. That hinges 
cannot used for skew arches too obvious for argument. 

The writer disagrees with the author also the advocacy press- 
ures low the crushing strength the arch material. 


Whether concrete, granite, other stone high quality, their 


homogeneity, with all possible care, can never reliably secured 


risk factor safety equal that steel wrought iron. 
One-sixth the breaking strength would low, even for cast iron, 
but for stone masonry the best kind there justification for less 

The durability stone bridges ascribed their high 
factor safety, necessary margin against weathering, and against 
accidental loading the form shock material, which, for 
greater safety, should always resist only compression and never 
tension, and principally the great proportion mass moving 
load. 

Reduce this mass the arches and the foundations one-half 
two-thirds, advocated the author, under the pretense more 
accurate calculation where the coarseness and variation the material 
naturally not admit it, and stone bridges will cease the 
synonyms strength and durability. Hinges masonry arches are 
not only incongruity, but may without prejudice considered 
one the fads from which even exact science like engineering 
not free, or, rather, application science wholly useless, 
not injurious, purpose. 

Am. Soc. E.—The opinion frequently ad- 
vanced, that the design structures the kind under consideration 
requires great refinement, and also that their theoretical treatment 
more difficult and cumbersome than the methods commonly used 
the analysis fixed arches, entirely unfounded. fact, 
fixed arch were receive detailed analysis, such given the 
the paper hinged arches, this might justly called complicated. 
Yet any construction, the design which has not received such 
analysis, certainly does not deserve professional sanction. far 
more important solve problem with exactness, even some- 
what greater expenditure labor, than risk failures construc- 
tion. 

The time fast approaching when the wasteful American methods, 
variously referred to, will receive the severe condemnation which 
they are generally entitled, and the thumb” engineer will 
probably share the fate retirement. 

careful consideration the paper will undoubtedly convince the 
reader that the method not nearly complicated might first 
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appear, and that the analysis fixed arch would far more tedious 
considered more general manner with live loads they actually 
occur. The commonly applied graphical solution simple merely 
because the difficult complications are not dealt with, but supplanted 
vague and often erroneous assumptions. 

Another fact which has not been considered the advocates 
material, intended cover the factor ignorance, 
that arch excessive thickness, and consequent great rigidity, 
far more liable crack result shrinkage the material and 
settling when centers are released than well-designed arch, with 
just sufficient material carry the loads. Every arch subject 
large distortions during construction, and, unless provision made 
therefor, cracks will show soon after completion. 

Among the many large fixed masonry arches which the author has 
seen, both Europe and America, not excluding those his own 
design and construction, can only few which, spite the 
best foundations, did not show cracks. This does not mean that such 
arches are unsafe that they will not lasting, but such defects 
always reflect injuriously the reputation the designer and 
builder, which unpleasant, say the least. 

instance has the author asserted that impossible con- 
struct long-span masonry arches without hinges, but has advocated 
hinges for them simply because they are more susceptible cracks, 
than short-span arches. 

Many are the schemes which have been advanced overcome the 
injurious effects settlement during construction, but most, not 
all, them are open severe criticism. The introduction hinged 
connections has offered the best solution the difficulty. 

According some the criticism offered, would improper 
construct masonry arch any but bed-rock foundations, which 
would naturally make this style structure one rare occurrence. 
build arch any moderately good foundation requires the 
highest engineering skill and experience, while any one familiar with 
the use mason’s tools might safely risk the construction arch 
rock foundations. 

The question rigidity and deflections has been strongly em- 
phasized, but this objection hinged masonry arches entirely 
erroneous, since them the proportion live dead loads 
small that the introduction hinges does not materially influence the 
rigidity, the purpose the structure concerned. The 
argument applies only metal arches where the imposed loads are 
excessive. 

advocating low unit working stresses for masonry and concrete, 
the author naturally referred structure, the stresses which are 
fully determinable. conclude therefrom that this would per- 
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missible for fixed arch where the stresses may readily exceed the 
computed values 100%, more, perfectly ridiculous. 

Skew arches may built according the method outlined the 
paper, provided the skew very slight, otherwise internal stresses 
arising from the skew would likely exert harmful 

The preservation iron hinges not very serious objection 
the use this style structure; since the entire hinge may em- 
bedded asphaltum hard fatty mixture which will wise 
interfere with the freedom action the hinge within necessary 
limits, but the same time will prevent corrosion the metal. 

The impression seems prevail that iron the only material suit- 
able for such hinges. This not true. the contrary, such hinges 
can made hard stone, like granite, lead joints may used 
toadvantage. The choice the kind material rests entirely with 
the designer, and the example submitted the author used cast iron. 

While thanking Mr. Goldmark for his complimentary remarks, 
regretted that did not give the paper sufficient study 
familiarize himself with the design, instead accusing the author 
having designed hinged arch with fixed spandrel filling. Mr. Gold- 
mark also states that the design submitted essential 
respect from similar arches which have been built without 
etc. argument, the essential differences will carry more con- 
viction than careful inspection the drawings. 

The points brought out Mr. Lindenthal have, for the most part, 
received consideration the above, and not deemed necessary 
draw out this discussion for the purpose refuting what appears 
recitation text book information and personal views and pre- 
ferences not necessarily accepted others. 

The examples hinged arches, cited the first part the paper, 
certainly outweigh most the arguments and doubts expressed 
those who have taken this discussion. 

not making designs and estimates the study text 
books that the great advantages three-hinged masonry arches may 
learned and appreciated, but the constructor who has sought 
vain produce perfect masonry bridge without defect blemish, 
will know without doubt much argument which style structure 
best suited practical application. 

closing, the author expresses his warm appreciation the able 
support received from high authority Professor Johnson. 


Mr. Molitor. 
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